Quantum chemical calculations were performed on 3-Amino-1,2,4-Triazole (ATA) which may be used as a corrosion inhibitor for austenitic stainless steel. The quantum chemical properties of ATA that are most relevant to its potential action as a corrosion inhibitor have been calculated in the gas phase and in solution for comparison purposes. Calculations were carried out to study the adsorption of the protonated forms of ATA on metal surfaces. The molecular properties of the protonated ATA species were compared to those of neutral ATA to determine the preferred species that bind to the metal surface.
Introduction
Quantum chemical methods are useful for determining the molecular structure of chemical compounds. These methods also elucidate the electronic structure and reactivity. [1, 2] Therefore, quantum chemical calculations can be used to analyze the molecular electronic structure of corrosion inhibitors and corrosion inhibition mechanisms. The density functional theory DFT has been widely used to predict the geometric and electronic properties of compounds with a potential application in corrosion inhibition and also to study the binding properties of compounds on metal surfaces. [3] [4] [5] [6] DFT/B3LYP has been widely used to study the chemical reactivity and selectivity of molecules as well as the mechanisms of inhibitors binding to metal surfaces. [7, 8] Heterocyclic organic compounds are frequently responsible for good corrosion inhibition due to adsorption onto the surface. [9, 10] Several studies have been performed that show the potential role of triazole and benzotriazole derivatives as corrosion inhibitors. [11] [12] [13] These studies were done in different environments and by theoretical quantum chemical calculation methods. [14] [15] [16] [17] In Addition, theoretical studies on 3-Amino-1,2,4-Triazole (ATA), BTAH (benzotriazole), and BTAOH (1-hydroxybenzotri-azole) as inhibitor molecules on Cu (111) surface show that the strength of the chemisorption of ATA is more than that of BTAH and BTAOH. [18] Awad et al. performed molecular orbital calculations on four triazole derivatives in order to simulate the adsorption mode of the inhibitor on the metal surface. [19] Magdy et al. studied the corrosion inhibition effect of ATA in 2.5 M NaCl solution. They showed that ATA was a good inhibitor for several materials whose corrosion properties were investigated in 2.5
M NaCl solutions. [20] The effect of sulphur atom in thiazole derivatives as corrosion inhibitors have also been studied. [21] The objective of this paper is to carry out a theoretical study on ATA and its protonated analogue as corrosion inhibitors.
Results and Discussion

Computational methodology
Theoretical calculations were carried out for the title compounds using the Gaussian 09 program. [22] Theoretical calculations were carried out using B3LYP/6-31G++ (d, p) to obtain more reliable energies for all the stationary points on the potential energy surface (PES). The G3 method [23] was used to calculate the single point energies at the B3LYP/6-311++G (d, p) optimized geometries. It is anticipated that the properties of molecules and ions are different in the gas phase and in solution.
In this work, all calculations for the solvent effect in water were carried out using the integral equation formalism of the polarized continuum model (IEFPCM). [24] It seems that this method is more suitable for our purpose, because it has been found to be very useful and can describe accurately the charge distribution of solute outside of the PCM cavity. [25] [26] [27] The IEFPCM method exploits a single common approach for dielectrics of very different nature and it allows reaching a unified analytical solution of the electrostatic interaction for all solute-solvent systems. [28] The reactive ability of the ATA inhibitor is closely linked to its highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO) and energy gap (ΔE), as well as other parameters such as the global hardness (η), global softness (σ), dipole moment (μ), the fraction of electron transferred (ΔN)… etc. [29] The ATA local reactivity has been analyzed by means of the Fukui indices. These indices indicate the reactive regions in the form of the nucleophilic and electrophilic behaviour of each atom in the molecule. [30] Reactivity parameters
The structure and the optimized configuration of ATA are shown in Figure 1 . The inhibitor conformer is considered to be minima based on the absence of imaginary frequencies. Figure 1 shows the optimized geometry of all stationary points at the B3LYP/6-311++G (d, p) level of theory for both gas and liquid phases. A comparison between bond lengths and angles for gas phase and those for liquid phase shows the effect of solvent on the geometry. Figure 1 shows that bond lengths and angles involving nitrogen atoms are slightly affected in the solution state than in the gas phase. The Ionization Potential (IP) is a basic descriptor of the chemical reactivity of atoms and molecules. A lower IP indicates less difficulty to remove electrons from a system. [33] Table 1 shows that ATA has a lower IP in the liquid phase than in the gas phase if calculated by the B3LYP method using the energy mode and has a lower IP in the gas phase than in the liquid phase if calculated by same method using the orbital Absolute global hardness (η) and global softness (σ) are important properties for measuring the molecular stability and reactivity. It could be seen from their calculated values in Table 1 that ATA has, according to the orbital parameter method, lower η and higher σ values in the gas phase, which indicates the high reactivity of this molecule in the gas phase. The energy difference between the HOMO and LUMO (ΔE) is a measure of the molecule softness. A hard molecule has a large ΔE and a soft molecule has a small ΔE. [34] Soft molecules are more reactive than hard ones because they could easily transfer electrons to an acceptor. ATA is a soft molecule in the gas phase because it has a smaller ΔE in this phase than in the liquid phase. This shows the relationship between molecular softness and energy gap (by the orbital parameter method) in ATA.
The ability of a molecule to accept electrons is described by the electrophilicity index. Electrophilicity is a measure of the energy stabilization after a system accepts the additional amount of electron charge from its environment. [35] In our study, we have calculated a low value of electrophilicity for ATA in the gas phase. Therefore, ATA is a strong nucleophile in the gas phase and a weak nucleophile in the liquid phase.
Based on calculations using the energetic mode, Table 1 shows that ATA is a better electron donor in the gas phase, but orbital mode calculations indicates that ATA is a better electron donor in the liquid phase. A small electrodonating value makes a system to be a better electron donor. [36] Energetic mode calculations indicate that ATA has a better capability of accepting charge in the liquid phase, whereas orbital mode calculations indicate that the molecule has the same capability in the gas phase as in the liquid phase. Energetic mode calculations give a total electrophilicity that shows ATA to be a strong nucleophile in the gas phase.
The electron donation of an inhibitor is described by ∆N. [37] If ∆N is below 3.6
eV, then the inhibition efficiency increases with increasing the electrodonating (ω −) ability at a mild steel interface. [38] All values of ∆N in Table 1 are below 3.6 eV. Orbital mode calculations indicate that for ATA ∆N is higher in the gas phase, whereas energetic mode calculations show ATA to have higher ∆N in the liquid phase. Because iron is the major constituent of austenitic stainless steel, the theoretical values of the iron electronegativity (χ Fe =7 eV) and the iron global hardness (η Fe =0) are used to compute ΔN for the various Hamiltonians.
[39]
The calculations show that ATA has the highest values of the Total Negative Charge (TNC) in gas and solution states. This property indicates that the adsorption of the inhibitor onto a mild steel surface is enhanced at higher TNC values. The TNC values of the ATA molecule are higher in the liquid phase than in the gas phase.
Information about the polarity of the molecule is given by the dipole moment μ. A high value of μ corresponds probably to enhanced adsorption of the chemical compound onto a metal surface. [40] It is clear from Table 1 that μ is higher in water than in the gas phase and this is an indication of the polarization effect of the solvent on the ATA inhibitor molecule. The difference between the ATA dipole moment in the gas phase and that in water was calculated by the B3LYP method to be 0.840 Debye whereas the G3 method calculates this difference to be 0.859 Debye.
The stabilization effect of solvent causes a significant decrease in the Total Energy (ET) values of the ATA inhibitor. The ET values show that ATA is more stable in the liquid phase than in the gas phase.
Local molecular reactivity
Selectivity parameters reveal the regions of a molecule that are likely to interact with a metal surface. These parameters include the atomic charges, distribution of frontier molecular orbital and the Fukui functions. The atom with the highest negative partial atomic charge interacts most strongly with a metal surface through a donoracceptor type of interaction because it represents the site with the highest electron density. [41, 42] The Mulliken atomic charges and the natural bond orbital (NBO) of the atoms of the studied compound in the gas phase as well as in solution calculated both by B3LYP and G3 methods are reported in Table 2 . For ATA, the highest negative charge is on the N3, N6, N9 and N10 atoms and that in both phases, the charges on these atoms being however higher in the liquid phase. Because nitrogen atoms have a lone pair of electrons, these could be donated to the vacant s or partially filled d orbitals of the metal and thereby facilitate the adsorption of the ATA inhibitor on a metal surface. shows the preferred site for adsorption of electrophilic agents. These functions can be given by Equations (1) and (2): [16] Equation (1) Equation (2) Table 3 .
The binding capability of a metal to an inhibitor depends strongly on the electronic charge of the inhibitor active site. In a corrosion system, the inhibitor acts as a Lewis base (nucleophilic) while the metal acts as a Lewis acid (electrophilic). In both phases, the Mulliken atomic charges and the Fukui indices of the non-protonated ATA species
show that the N6 atom has the highest negative charge and the highest f --, respectively. Thus, the ATA inhibitor molecule is expected to interact with the Fe metal through the N6 atom.
The following conclusions may be drawn using the molecular properties of the ATA neutral species:
(1)
The quantum chemical descriptors of ATA obtained for the gas phase and the solution states using the energetic mode are different from those obtained using the orbital mode.
(2) The effect of solvation (using water as a solvent) on the ATA corrosion inhibition efficiency is important.
The effect of solvation (using water as solvent) on the quantum chemical descriptors data calculated using the energetic mode is larger than in the case of orbital mode calculations. For example, the difference between the Transferred Electrons charges in the gas phase and in water calculated by the B3LYP method using the energetic mode was 0.264 whereas the same method using the orbital mode gives a value of -0.046 for this difference. 
The N6 atom has the highest negative charge both in the gas phase as well as in solution (except Mulliken charges using the G3 method).
Calculations for the protonated ATA species
The protonation of the ATA inhibitor at nitrogen atoms with a number of lone pairs of electrons is caused by the interaction between the acidic medium and the inhibitor. In such cases, the characteristics of the ATA corrosion inhibitor in the protonated and non-protonated forms could determine the preferred form of the inhibitor that can interact with a metal surface. All possibilities for protonation at the active sites were considered. The four atoms on which ATA could be protonated are N3, N6, N9 and N10.
Table3: Calculated Fukui functions for ATA using B3LYP/++6-31G (d, p) and G3 methods. The structure and the optimized configuration of the protonated species are shown in Figure 3 . The structures of these species are considered to be minima based on the absence of imaginary frequencies. Figure 3 shows also the optimized geometry of all stationary points at the B3LYP/6-311++G (d, p) level of theory in both gas phase and in solution. protonation in the liquid phase than in the gas phase. The HOMO and the LUMO of the studied inhibitor, both in the gas phase and in solution, are shown in Figure 4 . The HOMO of the N3-protonated ATA molecule is delocalized on the N6 atom and its LUMO is delocalized on the C1 atom. This implies that the N6 site of the N3-protonated ATA molecule has the highest tendency to interact with a metal surface.
The HOMO and the LUMO of an N6-protonated ATA are delocalized on the N3 and N9 atoms, respectively. This means that the N9 site has the highest tendency to interact with a metal surface. The N3 site has the highest tendency to accept electrons because the HOMO is delocalized on N3 and N9 atoms and LUMO is delocalized throughout the system except on N3 and C1 atoms. The HOMO of an N10-protonated ATA molecule is delocalized on the N6 atom and its LUMO is delocalized on the C1 and N3 atoms. This means that the N6 site has the highest tendency to interact with a metal surface. Table 4 from the data obtained by the B3LYP method that protonation at the N10 site gives the highest HOMO, both in the gas phase and in solution. The B3LYP data for protonation at the N3 site give the lowest energy gap for the two phases, whereas the G3 data gives for same protonation the lowest energy gap for the gas phase.
Based on the G3 data, the protonated forms have the lowest η and the highest σ values in the liquid phase, which indicates the high reactivity of this molecule in the liquid phase. In contrast to the data of the G3 method, the B3LYP data show lowest η and highest σ values for the gas phase, which indicates the high reactivity of these molecules in the gas phase. The B3LYP data of protonation at the N6 site have highest η values for the two phases.
The dipole moment μ is higher in the liquid phase than in the gas phase, which is the effect of the polarization of the protonated ATA species by the solvent resulting in an increased charge separation in the solute. The G3 data for protonation at the N10 site gives the highest μ for the two phases. The TNC of the protonated forms calculated by both B3LYP and G3 methods is higher in aqueous solution than in the gas phase. The TNC calculated by the G3 method for protonation at the N10 site is higher for the two phases than the TNC data of the G3 method for protonation at the N3, N6 and N9 sites.
The Mulliken atomic charges and NBO of the atoms of protonated ATA in the gas phase and in solution are reported in Tables 5 and 6 . Both B3LYP and G3 methods give the highest negative charge on N3, N6, N9 and N10 atoms in both phases and the highest charges on these atoms in the liquid phase. Because nitrogen atoms have a lone pair of electrons, these lone pairs of electrons could be donated to the vacant s or partially filled d orbitals of the metal and thereby facilitate the adsorption of the ATA inhibitor on a metal surface. Table5: Calculated Mulliken atomic charges for the protonated compounds in the gas phase using B3LYP/++6-31G (d,p) and G3 methods. It would be interesting to investigate the molecular properties of the protonated ATA species and compare these properties with those of the neutral ATA species to determine the preferred species that bind themselves to a metal surface. The preferred site for protonation is determined by comparing the proton affinity (PA) at different sites. For all active sites, the PA of the inhibitor was calculated using the following equation:
Where and are the total energies of the protonated and the nonprotonated forms of the ATA inhibitor respectively, is the total energy of a water molecule and is the total energy of the hydronium ion. A high value of PA
indicates that the molecule has a high tendency to be protonated. The calculated PA values for the protonated ATA species are shown in Table 7 . The protonated species have lowest PA in the gas phase. The data obtained by B3LYP and G3 methods indicate that for both phases the preferred site for protonation is the N10 atom. Tables 1 and 4 shows that the charge (e) on the N3 atom is higher for both phases in the N3-protonated form than in the nonprotonated form and the charges on the N3, N6, N9 and N10 atoms is higher for both phases in the non-protonated form than in their protonated forms. These results show that the charges on the nitrogen atoms are almost reduced in the protonated forms. (Table 4) and those of the non-protonated ATA species (Table 1) show similarity of the two forms. For instance, both B3LYP and G3 methods produce a low ∆E for the non-protonated form in the gas phase, but in the case of the protonated form, the B3LYP method gives a low ∆E value in the liquid phase whereas the G3 method gives a low ∆E value in the gas phase.
A comparison between the individual values of E HOMO , E LUMO and ∆E, calculated by the B3LYP and G3 methods, shows that for the two phases E HOMO of the protonated form is lower than E HOMO of the non-protonated form. It means that the non-protonated form has a greater tendency to donate an electron pair than the protonated form. E LUMO values of the protonated forms, calculated by both B3LYP and G3 methods, are for both phases lower than those of the non-protonated form suggesting that the protonated forms have a greater tendency to accept electrons than the non-protonated species. The G3 method computes a smaller ∆E for the non-protonated form than for the protonated form, indicatinging that in the two phases the non-protonated form has a greater reactivity than the protonated form. The B3LYP method calculates a smaller ∆E for the N3 and N10 protonated forms than for the non-protonated form, meaning that the N3 and N10 protonated forms have a greater tendency to be adsorbed on a metal surface than the non-protonated form in both phases.
The G3 method works out a smaller global softness for the non-protonated form than in the protonated form, meaning that in the two phases the non-protonated form has a greater reactivity than the protonated form. But the B3LYP method gives a smaller ∆E for the N3 and N10 protonated forms than for their corresponding nonprotonated form, meaning that the protonated form has a greater tendency to be adsorbed on a metal surface than the non-protonated form in the two phases. Table 3 shows that the G3 method gives for the two phases the highest σ values for the non-protonated form which indicates the high reactivity of this form. The B3LYP method gives the highest σ values for N3 and N10 protonated forms in the two phases, which indicates the high reactivity of these forms.
The two methods calculate a higher dipole moment for the protonated ATA species than for its non-protonated conjugate, which suggests that dipole-dipole interactions are more predominant in the interaction between the metal surface and the protonated forms than in the interaction between the metal surface and the nonprotonated form. Both methods appear to give for both phases a higher sum of the negative charges for the non-protonated form than for the protonated forms.
The following conclusions may be drawn from the results of the molecular properties of the protonated ATA species:
The quantum chemical descriptors of the protonated species obtained by the B3LYP method in the gas phase and in solution are different from those obtained by the G3 method.
(2) A comparison between the molecular properties of the studied compounds in the gas phase and in aqueous solution provides information about the solvent effects on the molecular properties.
The N6 atom has the highest negative charge in the two phases.
Conclusion
The quantum chemical descriptors of the ATA inhibitor were calculated using the density functional theory at the B3LYP/6-311G++ (d, p) basis set. The G3 method was used in order to obtain more reliable energies of all stationary points on the PES.
Because the quantum chemical descriptors are strongly dependent on energy, the PES calculation method is very important. For this reason, the results of the quantum chemical descriptors of the species which were calculated by the B3LYP method are different from those obtained using the G3 method in the gas phase and in solution.
This work has shown that the effect of solvent on corrosion inhibition is important and the protonated ATA species are less adsorbed on a metal surface than the neutral species. The results of the molecular properties of the protonated ATA species compared with those of the neutral ATA species shows: a) the neutral species have a greater tendency to donate electrons and therefore bind stronger to metal surfaces both in the gas phase and in solution. b) The ∆E values suggest that the neutral species are more reactive than the protonated species in both phases. c) The corrosion inhibition effectiveness of neutral species is higher than that of protonated species and this property is more evident by the G3 method data than those of the B3LYP method. d) It is reasonable to infer that the protonated species are less likely to interact with metal surfaces. e) Physisorption and chemisorption mechanisms are involved in the adsorption process of ATA on steel surfaces. f) The N6 atom has the highest negative charge both in the protonated and in the neutral species and that for both gas phase and solution states.
